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ABSTRACT 
A review of work accomplished on this contract is presented 
including references to the appropriate interim reports for 
details. The limiting accuracy for radar estimation of rainfall 
rate is determined to be about ± 40 percent. 
The location of the medium range raingage network is shown 
along with the amount of data collected thus far. No results 
from this network are available at present. 
A Doctoral thesis entitled, "Radar Cross Sections from Drop 
Size Spectra," is included as an Appendix. 
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THE ACCURACY OF RAINFALL MEASUREMENT BY RADAR 
Drop Size Spec t r a Accuracy L imi ta t ions 
A l a r g e p o r t i o n of the e f f o r t on t h i s c o n t r a c t was d i r e c t e d 
toward a s se s s ing the accuracy wi th which r a d a r can determine rain-
f a l l amounts. A number of s e p a r a t e e f f o r t s to t h i s end have been 
pursued. Fundamental to the a b i l i t y to measure p r e c i p i t a t i o n 
amounts is the r e l a t i o n s h i p between the r ada r c ross s e c t i o n and 
the r a i n f a l l r a t e . This r e l a t i o n s h i p i s dependent on the r a ind rop 
s i z e d i s t r i b u t i o n . Measurements of many s p e c t r a have been made 
under p r i o r Army sponsorsh ip in va r ious c l i m a t i c a r e a s . Relat ion-
ships have been developed from these s p e c t r a . The u n c e r t a i n t y 
in these r e l a t i o n s h i p s when co r r ec t ed fo r e r r o r s of sample s i z e , 
produce bounds on the accuracy o f r a i n f a l l r a t e s . I t i s t r u e , 
however, t h a t i f amounts a re des i r ed r a t h e r than r a t e s an addi-
t i o n a l improvement w i l l be p o s s i b l e through r educ t i on of the 
s c a t t e r wi th time i n t e g r a t i o n . A p r e s e n t a t i o n of the d r o p - s i z e 
l i m i t e d accuracy i n e s t ima t ion o f r a i n f a l l r a t e s i s p resen ted i n 
In te r im Report No. 3, Page 1 3 . 
The appendix to t h i s r epo r t i s a d o c t o r a l t h e s i s which pre-
sen t s in one p l ace a summary of r a d a r - r a i n f a l l r e l a t i o n s h i p s . 
B r i e f l y , the drop s i z e d a t a suggest t h a t the 90% confidence l e v e l 
is some 43% from the mean. This can be improved in some cases and 
in some a reas by u s ing a d d i t i o n a l in format ion such as r a i n type , 
synopt ic type , or thermodynamic i n s t a b i l i t y . In some cases the 
r a t e may be es t imated to wi th in 35% by these s t r a t i f i c a t i o n s . With 
Oregon thunders torms, t h i s measurement accuracy improves to 25%, bu t 
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t h i s is believed to be primari ly due to l imited sample s ize and 
is not considered a representa t ive es t imate . 
When values of r a i n f a l l r a t e are transformed to radar param-
e t e r s , they suggest that the overal l ca l ib ra t ion and measurement 
accuracy of the radar must be known to within 2 decibels in order 
to have the radar measurement e r ro r of the same size as the un-
cer ta in ty in drop s i z e . Unless the radar power return is averaged 
over more than 10 independent samples, t h i s accuracy is unachievable.1 
According to Smith, 10 samples wi l l produce a d i s t r i bu t ion which 
is 2 db wide at 90% confidence po in t s . 
Radar parameters, pa r t i cu l a r l y the antenna gain, are seldom 
known or measureable to within th i s accuracy. Thus, it would appear 
tha t with present technology that radar ra in fa l l r a t e estimates 
w i l l , in general , be much l e s s than predicted from drop s ize dis-
t r ibu t ions . 
Radar-Rainfall Accuracy as a Function of Range 
No addi t ional inaccuracy of r a i n f a l l r a t e estimates due to 
drop size v a r i a b i l i t y is expected in range. However, the height 
at which the radar views the storm does vary great ly with range. 
I t is obvious tha t if the sampling height is suf f ic ien t ly high the 
estimate of ra in is meaningless. To evaluate the loss in accuracy 
as the range from the radar increases, a raingage network was in-
s ta l l ed in the northern par t of the s t a t e of I l l i no i s during May 
of 1966. Results of th is study are not yet available (see section 
on Kankakee Network) 
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FREQUENCY OP OCCURRENCES OP RAINFALL RATES 
As a p a r t of t h i s c o n t r a c t , s t a t i s t i c s of r a i n f a l l r a t e s 
were ob ta ined . The primary i n t e n t of t h i s work is to provide 
des ign in format ion for communication equipment a t a t t e n u a t i n g 
wavelengths . Two methods were chosen for t h i s s tudy . In t h e 
f i r s t method, merely the frequency d i s t r i b u t i o n s o f po in t r a t e s 
were ob ta ined . In the second, network d a t a were used to permit 
e v a l u a t i o n of a combination of the path l e n g t h and s e v e r i t y of 
t he r a i n f a l l on a t t e n u a t i o n . Resu l t s have been presen ted in the 
t h r e e In t e r im r e p o r t s on t h i s c o n t r a c t . In t h e second i n t e r i m 
r e p o r t the network d a t a are p r e s e n t e d . These d a t a are no t as com-
p l e t e as d e s i r e d as the ana ly s i s time to o b t a i n the ra ingage r a t e s 
were g r e a t e r than a n t i c i p a t e d . During the coming months t h i s 
a n a l y s i s w i l l be extended by inc lud ing more d a t a . 
Attempts to l o c a t e s u i t a b l e network ra ingage d a t a from o t h e r 
a reas have been unsuccess fu l . In o rder to be reasonably use fu l 
the network d a t a has to be such t ha t 5-minute amounts can be de-
termined r e l i a b l y . 
I n d i v i d u a l ra ingage s t a t i s t i c s from Bogor, Indones ia ; 
Miami, F l o r i d a ; and I l l i n o i s have been p resen ted in the i n t e r i m 
r e p o r t s . Considerable d i f f e r e n c e s i n these s t a t i s t i c s a re in-
d i c a t e d . At the 0 . 1 % of time l e v e l , Indones ia e x h i b i t s the h i g h e s t 
r a i n f a l l r a t e . However, at the 1% time l e v e l , F l o r i d a has the 
h i g h e s t r a t e . I n a l l cases I l l i n o i s has the lowest r a i n f a l l r a t e . 
Table 1 i l l u s t r a t e s the f r equenc ies of r a i n f a l l r a t e s a t t h e s e lo-
ca t ions and i n d i c a t e s the approximate 3-cm wavelength a t t e n u a t i o n 
t h a t would be exper ienced a t each i n t e r v a l . 
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TABLE 1 
FREQUENCY OP RAINFALL RATE OCCURRENCES 
IN DIFFERENT CLIMATIC REGIMES 
Rainfall % of rain Attenuation 
Rate time the rate 
Location (in/hr) is exceeded (db/mile) 
Bogor Indonesia    6.5             .1 8.7 
3.2 1.0 3.7 
1.0 10.0 .9 
Miami, Flor ida 5.9 .1 7.7 
3.8 1.0 4.5 
1.2 10.0 1.1 
Champaign, Ill. 3.3 .1 3.8 
1.8 1.0 1.8 
0.6 10.0 .48 
DROP SIZE SPECTRA 
Log Normal Distributions 
An important scientific result of the work with drop size 
spectra is the finding that the best fitting equation for drop 
size spectra is the log normal equation. This is reported in 
Interim Report No. 1. This result should be very useful for 
studies involving the processes by which cloud droplets grow to, 
rain drops. 
Sample Size Studies 
A large part of the effort in recent months has been to 
evaluate the representativeness of the drop size spectra. Results 
have been reported in the Interim reports and also in the paper 
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delivered at the 1966 Radar Meteorology Conference in Norman, 
Oklahoma. The r e su l t s of t h i s study indicate that for the usual 
radars , no errors due to the sampling volume being too small wi l l 
occur. The variance in estimated r a in fa l l rate due to a one-cubic-
meter sample represents only about 10% of the to t a l sample variance 
around the regression. 
Flagstaff, Arizona Drop-size Data 
The measurement and analysis of drop-size data obtained th i s 
summer in Flagstaff, Arizona under Contract No. DA-28-043 AMC-02376(E) 
is continuing. Although only very preliminary r e s u l t s are available 
at t h i s time, it appears that the Flagstaff ra ins contain more 
large drops than has generally been found at other loca t ions . 
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THE KANKAKEE RAINGAGE NETWORK 
The Kankakee Raingage Network was e s t a b l i s h e d in an a rea in 
and to t h e sou theas t of Kankakee, I l l i n o i s , in e a r l y Apr i l 1966. 
F i f t e e n record ing ra ingages were rece ived as government-furnished 
equipment. These are gages 2 through 16 on the map of f i g u r e 1. 
Gage 1 is the Weather Bureau gage at Kankakee. The gages a re 
spaced at a d i s t a n c e of about 5 miles in a 4 x 4. g r i d . 
Data were c o l l e c t e d on t h i s network from Apr i l 15 through 
September 30. The gages have now been removed f o r the win te r and 
w i l l be r e i n s t a l l e d in the s p r i n g . The d a t a from t h i s network i s 
be ing used in connect ion with r a d a r da t a to determine the accur-
a c i e s of r a d a r - r a i n f a l l measurements at a range of 65 n a u t i c a l 
miles from the r a d a r . 
Table 2 shows some of t h e informat ion concerning the storms 
which have been s e l e c t e d for d e t a i l e d a n a l y s i s . These storms a l l 
have at l e a s t 1/2-hour of concurrent r ada r - r a ingage d a t a and have 
maximum s ing le gage amounts of at l e a s t .05 i nch . Trac ings of 
the r a d a r s t e p - g a i n p i c t u r e s have been completed for a l l but two 
of these s to rms . The a reas of each s t ep have been measured for 
about one-ha l f of the d a t a . Considerable work remains before 
d e f i n i t e conclus ions can be made from these d a t a . 
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TABLE 2 
1966 STORMS AT THE KANKAKEE NETWORK BEING USED 
IN RADAR-RAINGAGE COMPARISONS 
Single Gage Mean Network 
Rain Period Radar Data Maximum Amount Amount 
Date (gage) Per iod ( inches) ( inches ) 
4 / 2 0 1550-0132 11+35-1708 1.45 1.13 
5/11-12 0100-0340 0705-2015 2.51 1.73 
5/17 081+0-151+0 0715-1523 0.1+9 0.15 
5/23-24 1900-0130 1341-2234 1.81; 1.37 
6/8 1320-1620 0656- 0.06 0.02 
to 
6/8-9 2150-0313 -0814 0.80 0.55 
6/26 1415-1730 151+5- 0.50 0.05 
to 
6/26 1910-2128 -2057 0.50 0.15 
8/8 131+3-1532 11+30-191+1 0 .31 0.05 
8/10 001+8-2130 0700-1607 1.1+9 1.19 
8/14 1425-1735 1251+-1945 0.58 0.02 
8/21-22 1645-0100 1929-2139 0.93 0.51+ 
9/3 031+1+-1505 1221-121+0 & 0.18 0.03 
1325-1536 
9/11+ 1200-21+00 0700-2221+ 1.01 0.1+6 
9/19 1500-2130 0824-1650 0.25 0.02 
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Figure 1. The Kankakee Raingage Network 
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RADAR OPERATIONS 
The CPS-9 radar was operated a total of 490 hours during the 
period April 1, 1966, to September 30, 1966. Approximately 290 
hours of this time were used in collecting data over the raingage 
networks. These data are in the form of stepped gain photographs. 
The data were collected for the purpose of rainfall-radar correla­
tion with the raingage measurements from the raingage networks. 
The M-33 acquisition system has also been used during most 
of the season. The maximum range of this radar has been increased 
to 80 nautical miles in order to observe rainfall over the Kankakee 
Network. 
DROP-SIZE DATA REPORTS 
Reports of drop-size data are being prepared for Ma juro, 
Marshall Islands; Franklin, North Carolina; Island Beach, New 
Jersey; Bogor, Indonesia; Corvallis, Oregon; and Woody Island, 
Alaska. The format for these reports was described in Interim 
Report No. 3. The draft report for Majuro, known as Research 
Report no. 10 has been submitted for Army approval. The tabu­
lations of data have been completed for North Carolina and New 
Jersey. Much of the preliminary data checking has been done for 
the other locations. 
CONCLUSIONS & RECOMMENDATIONS 
The ability of a radar to measure rainfall rate is limited 
ultimately by the variability of the drop size distributions. 
The present state of the art in meteorological radar techniques 
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does not permit measurements of r a i n f a l l ra te to the l imi t s im-
posed by drop s ize d i s t r i b u t i o n s . Measurement of r a in fa l l amounts 
can be made with suff ic ient accuracy tha t it would appear to be 
useful to the t a c t i c a l operations of the Army. 
Rainfal l ra te s t a t i s t i c s have been processed to ind ica te the 
sever i ty and frequency of occurrences of the a t tenuat ing r a in f a l l 
ra tes for communications and radar operations at a t tenuat ing 
wavelengths. The i n t e r p r e t a t i o n of these s t a t i s t i c s is highly 
dependent upon the character of the operation envisioned and thus 
have not been examined extensively. All other engineering and 
equipment p o r t a b i l i t y considerations aside, the a t tenuat ion data 
do ind ica te the need for longer wavelength radars for measurement 
of r a i n f a l l r a t e s and amounts by radar . An uncorrected e r ror of 
s ize equivalent to the drop s i ze uncertainty wil l occur about 20% 
of the r a in time in cent ra l I l l i n o i s with 3-cm wavelength radar . 
As has been pointed out in previous repor t s , if a 3-cm radar is 
to be used for measuring r a i n f a l l r a tes or amounts, some correct ion 
for th i s a t tenuat ion is adviseable. 
Future work should be directed toward the improvement of 
the radar instrumentat ion. In pa r t i cu l a r the in t eg ra t ion of the 
radar data by automatic means is considered e s sen t i a l to measure 
meaningful radar r a t e s . The evaluation of accuracy of r a in fa l l 
r a t e s as determined by radar using raingage networks must be con-
tinued. The Kankakee network should be r e in s t a l l ed for the spring 
and summer season of 1967 and more data over th i s network obtained. 
At present it is f e l t t ha t the accuracy at 75 miles using the 
CPS-9 wil l be reduced by about one-half order of magnitude. This 
would tend to d i c t a t e tha t the number of radar se t s in an Army 
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t a c t i c a l a r ea should be about one s e t every 4000 square m i l e s , i f 
q u a n t i t a t i v e accuracy i s t o remain r e a s o n a b l e . 
Drop s i z e da ta r e p o r t s should be i s s u e d for the remaining 
l o c a t i o n s i n the near f u t u r e . 
Addi t iona l ana lys i s o f drop s i z e d a t a w i th r e s p e c t to o t h e r 
v a r i a b l e s i s d e s i r e a b l e . For example, a n a l y s i s o f the r a d a r -
r a i n f a l l r e l a t i o n s h i p u s i n g t h e r a i n f a l l r a t e a s the independent 
v a r i a b l e may be of i n t e r e s t to the Army as an aid in des ign ing 
non-meteoro log ica l r a d a r . Other r e l a t i o n s h i p s such as r a i n f a l l 
l i m i t e d v i s i b i l i t y ve r sus r a d a r r e f l e c t i v i t y , r a i n f a l l l im i t ed 
v i s i b i l i t y versus r a i n f a l l r a t e , and l i q u i d water con ten t ve r sus 
r e f l e c t i v i t y might a l so be of impor tance . 
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ABSTRACT 
The design of a raindrop camera to obtain the raindrop 
size spectrum is discussed. The camera is capable of sam­
pling 1 m3 of air space in 10.5 seconds. Within this volume 
the size of the raindrops are measured to an accuracy of 
±0.2 mm. 
The cameras were installed at Corvallis, Oregon; Miami, 
Florida; Woody Island, Alaska; Ma juro, Marshall Islands; 
Bogor, Indonesia; Franklin, North Carolina; and Island 
Beach, New Jersey. A sample of one year's duration was 
obtained at each location. 
The drop size spectra for various rainfall rates have 
been determined, and it is shown that the logarithmic normal 
distribution Is the best descriptive equation for these 
spectra. The radar back scattering cross section was cal­
culated and its relationship to the rainfall rate determined. 
The relationship varies from location to location. Alaska 
rains exhibit the largest back scattering cross section for 
a given rate. For some rates nearly 10 times more radar 
return can be anticipated from Alaska rain than from the 
tropical rains of the Marshall Islands. 
The data has been stratified according to rain type, 
synoptic type, and thermodynamic instability. These strati­
fications improve the reliability with which the rainfall 
rate can be determined by radar measurements. The synoptic 
stratification reduces the uncertainty more than the other 
methods. 
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Liquid water content of rain was calculated and related 
to the rainfall rate. At Miami concentrations of 10 g/m3 
occur more than 1 percent of the rain time. Liquid water 
contents were higher in Miami than at any other location. 
The radar attenuation cross section was calculated for 
some of the data and compared favorably with earlier es­
timates of attenuation by others. 
vii 
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INTRODUCTION 
During World War II, many observations of rainstorms by 
radar were made. These were detrimental to the desired use 
of the radar and investigations into the nature of the scat­
tering were conducted by Ryde1 of General Electric and Bent2 
of the Radiation Laboratory of Massachusetts Institute of 
Technology along with others. This work indicated the need 
for knowledge of the drop size distributions which occur in 
rain. After the war, a number of groups interested primarily 
in meteorology began using radar as a tool in weather research. 
Until about 1947, most of the work with weather radar was 
directed towards locating the storms,, The first work in de-
termining the rainfall rate from the radar return was performed 
by numerous groups in l947.3,4,5,6,7 This work emphasized the 
need for better information on the drop size spectra. 
Most of this early work consisted of measuring the radar 
parameters and comparing these measurements with rainfall 
rates as determined by raingages. By 1956, it was apparent 
that there was considerably greater error in the measured 
rainfall rates than could be tolerated for most uses. A 
number of possibilities exist that may contribute to this 
error. A raingage samples rainfall at a point and at best 
the radar samples a volume surrounding the raingage. Rain 
measured aloft with the radar may well drift a mile before 
it reaches the ground and thus fail to be caught in the rain-
gage. Rain aloft may not be falling at all due to updrafts 
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supporting the raindrops. In addition to these problems 
which are related to catching the rainfall in a raingage, 
it was anticipated that different types of rains produce 
different amounts of radar return signals. 
This latter problem is investigated theoretically by 
measuring the raindrop size spectra and calculating the 
radar return and the rainfall rate. Drop size spectra were 
obtained at seven locations outside of Illinois. These lo­
cations represent a sampling of all the rainy climatic types. 
History of Drop Size Measurement 
Raindrop sizes were measured in the latter part of the 
nineteenth century. Apparently, some interest had been 
generated by sailors returning from the tropics and re­
porting "raindrops as large as teacups." Lowe9 was one of 
the earliest researchers in drop size measurement. His 
measurement was performed by allowing the drops to fall on 
ruled slate and measuring the size of the splash. This basic 
method can be categorized by the measurement of an image of 
a drop after impingement on a flat surface. The surfaces 
which have been used include dyed filter paper, blue print 
paper, treated photographic film and coated nylon screen. 
These methods are simple and use a minimum of equipment. 
Calibration of the devices is accomplished by dropping drops 
of known size on the surface and measuring the resultant 
traces. Large drops are difficult to measure since they 
splash on impact leaving irregular traces. As a result of 
the splashes, the possibility exists of over-estimating the 
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number of small drops due to counting of splash drops. The 
surface must be maintained perpendicular to the path of the 
drops or elongated traces are produced. Since the terminal 
velocity of raindrops varies with the size of the drops, it 
is not possible to maintain perpendicularity for all drops 
if there is any wind. Despite these objections the filter 
paper method remains the most popular method for obtaining 
drop size measurements. 
Two methods have been used which depend upon the trans­
formation of the liquid water droplet to a semi-rigid body. 
Bentley9 caught the drop in a layer of uncompacted flour. 
The resulting dough ball was dried, and sorted by mechanical 
sieves. The most widely accepted raindrop size spectra, 
obtained prior to World War II, were obtained by Laws and 
Parsons10 using the dough pellet method. Laws and Parsons 
were interested in the problem of soil erosion and obtained 
their data to better estimate the kinetic energy and momentum 
transferred to the soil during a rainstorm. This data was 
used extensively for the early work in radar meteorology. 
Neuberger 11 suggested freezing the raindrop and measuring 
the resultant ice pellet. Both of these devices suffer from 
inability to sample large volumes for extended periods of 
time. Furthermore, Neuberger had difficulty with the drops 
fracturing and splintering during the freezing process. 
Bowen12 suggested the use of a horizontal wind tunnel 
to sort the raindrops into size classifications. The drops 
were allowed to fall into a moving air stream. The smaller 
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drops are transported further along the tunnel than the larger 
drops. A series of drop sensing devices are placed at the 
bottom of the air stream to determine the number of drops in 
each size class. This type of device does not work well if 
the drops have horizontal velocities on entering,, 
A device has been constructed by Cooper13 which responds 
to the momentum of the falling raindrop. A microphone can be 
coupled to a membrane and the membrane exposed to the rain. 
A drop hitting the membrane produces an electrical pulse from 
the microphone that can be measured and related to drop size. 
Several instrumental difficulties with these devices have 
been encountered. The sensitivity of the microphone varies 
with the location of drop impingement on the membrane. Be­
cause of dynamic range difficulties, several instruments are 
needed to cover the range of drop sizes encountered. Buffet­
ing of the membrane by the wind creates a serious noise 
problem. 
The amount of light scattered from individual raindrops 
can be used to measure the size of raindrops. This technique 
was first employed by Gucker14 for very small particles. 
Mason15 developed an instrument for measuring raindrop sizes. 
The drops were allowed to fall through a collimated, rectan­
gular beam of light. The scattered light from about 20° off 
the axis was focused onto a phototube and the voltage pulse 
from the phototube measured. The sampling volume was opti­
cally defined. This device suffered from edge effects or 
loss of sensitivity when the drop approached or split one of 
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the optically defined edges. In addition the requirement 
that only one drop be in the sample volume at a time 
restricts the sample volume to be small. This device was 
improved upon by Dingle16 who mounted the light source and 
the phototube on movable arms. These arms are then rotated 
around a vertical axis to increase the effective rate of 
volume sampling. The device has operated successfully, but 
still with smaller sample volumes than desired. The cali­
bration of the device is difficult and does not remain stable 
due to arc lamp aging. Uneven background illumination has 
produced some difficulty. 
Liquid drops have been photographed successfully in the 
laboratory for many years. As early as 1908 Worthington17 
photographed water drops falling into liquids. As a light 
source an electrical spark was used. Edgerton18 photographed 
milk drops using a photoflash tube. Best19 photographed 
raindrop-sized water drops in the laboratory to determine the 
free fall shape of the drops. Elliott20, Kelly21, and 
McCullough22 developed cameras for photographing cloud drop­
lets. These cloud droplet cameras sampled only a very small 
volume. Prior to the development of the Illinois raindrop 
camera no successful large field drop size camera has been 
reported. The prototype 12-inch system was reported by 
Jones,23 Since a large volume of rain should be sampled 
frequently in a radar-rainfall study, Jones constructed a 
camera unit using a 12-inch mirror. After further analysis, 
it was found that a larger sample was desirable in a shorter 
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time period. A larger system was designed and used for this 
study. 
A complete bibliography on raindrop sizing and counting 
devices prior to 1957 was compiled by Pearson and Martin.24 
This bibliography was prepared to evaluate automatic tech­
niques for raindrop size measurement. At present there is 
no fully automatic means of obtaining large samples of rain 
and determining the spectra automatically. 
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SCATTERING THEORY 
The basic radar equation which relates properties of the 
target and measurable radar parameters is 
where 
Pr = the received power at the antenna terminals 
PT = transmitter power at the antenna terminals 
= the power gain of the antenna at azimuth 
angle and at elevation angle measured 
with respect to the axis of the antenna 
= wavelength of the transmitted signal 
r = distance to the target 
= radar back scattering cross section. 
The term of interest in this paper is as it is the only 
parameter related to the rainfall. The radar back scattering 
cross section can be defined as the area which intercepts that 
amount of power which if scattered isotropically would give an 
echo equal to that from the target. The problem of deter­
mining the back scattering cross section of a spherical 
object has received much attention throughout the years. 
A recent article by Logan25 describes some of the early work 
in scattering from spheres. Apparently, some of the earliest 
work was performed by Clebsch26 in 1861. His work has been 
overlooked by later workers. The most referenced work to 
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scattering from a sphere is that of Rayleigh,27,28 Rayleigh 
solved the scattering for spheres small with respect to the 
wavelength. Mie29 produced a complete theory for the scat­
tering from spheres of any material in a non-absorbing medium. 
Mie's work has been restated by Stratton30 and Kerr.31 
Using the notation of these later workers, the important 
cross sections for this work are 
where 
= total attenuation cross section 
= back scattering cross section 
= wavelength 
= coefficient of the nth magnetic mode 
= coefficient of the nth electric mode 
The values for are given by Stratton in terms of spherical 
Bessel Functions. Lowan32 calculated values for Q for a 
sufficient range of water spheres at 3-cm wavelength. 
The a and b coefficients can be expanded in ascending 
order of Marshall33 computes these coefficients to be 
9 
(4) 
where 
(5) 
D = diameter of the sphere 
and m = complex index of refraction. 
If only bl is important 
and 
(6) 
(7) 
Equations (6) and (7) are of the form known as the Rayleigh 
formulas. The region within which these formulas are valid 
is known as the Rayleigh region. Kleinman34 has suggested 
adoption of a definition of the Rayleigh region as that region 
in which the quantity of interest may be expanded in a con­
vergent series in positive integral values of k = .A 
more restricted range for the Rayleigh region is used in 
meteorology where it is generally accepted as that region 
where the first term Is within 3 db of the exact value. 
Haddock calculated values of the ratio of Qt (Mle)/Qt 
(Rayleigh) and were reported by Marshall.33 These calculations 
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using water at l8°C and for 3-cm radar indicate that the 
estimate of Qt (Rayleigh) is different by a factor of 2 
from Qt (Mie) when - 0.15. This corresponds to a rain­
drop of diameter 1.4 mm which very commonly occurs. The 
calculations for Qt in this report were performed using 
Lowan's Bureau of Standards Table. 
Marshall also calculates the ratio of (Rayleigh)/  
(Mie). For this ratio to be less than 2, the drop 
diameter must be less than 3 mm. A large percentage of 
the drops are smaller than 3 mm; however, the larger ones 
are the more important in terms of the radar scattering. 
At 10 cm the ratio of (Rayleigh)/ (Mie) is less than 
1.1 for all raindrops up to 10 mm diameter. In this paper, 
the equations relating to back scattering cross sections are 
strictly valid only for 10 cm wavelength or longer and ap­
proximately valid for 3 cm wavelength. An evaluation has 
shown on limited amounts of data that for 3 cm wavelength an 
underestimate of of about 2 - 4 db could be made at the 
highest rainfall rates. Since most radars, to be used for 
quantitative measurement, are at wavelengths of 10 cm to 
avoid the attenuation problem, the need for correction by 
the Mie theory for this data does not seem desirable. 
The equation for the back scattering cross section Is 
usually rewritten as 
(8) 
where 
(9) 
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In the case of a radar observing a rainstorm, each of 
the raindrops returns power to the antenna. The contribution 
of each raindrop may be considered as a small voltage source 
of magnitude proportional to the square root of its back 
scattering cross section and of random phase. Lawson35 and 
Uhlenbeck show that the average power expected from such an 
ensemble of scatterers is equal to the sum of the power 
scattered from each particle. In the case of a radar view­
ing a rainstorm, the total effective radar back scattering 
cross section, is 
(10) 
where i ranges so that each raindrop within the entire radar 
volume is considered. Usually an assumption of the homo-
geniety of the rain is invoked which allows the following 
(11) 
where  
the radar volume 
and indicates that the summation should be performed 
over one cubic meter of air space. The quantity is 
defined as the radar reflectivity and is symbolized by Z. 
Some authors (Battan,36 for instance) prefer to be the 
radar reflectivity. Both definitions are in usage in mete­
orology. In this paper, radar reflectivity is defined as 
• 
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THE DROP CAMERA 
After considerations of the other possible means for 
obtaining drop size spectra, the photographic method was 
chosen. The greatest advantage of this method is the 
possibility of obtaining relatively large sampling volumes. 
It was anticipated originally that at least one cubic meter 
of air space should be sampled. Later analysis has shown 
that in actuality an even larger sample would have been de­
sirable. In addition, photographic methods yield high 
accuracy of measurement as well as giving some information 
on the shape of the raindrop. 
General Design Criteria 
In order to be a useful instrument, the camera must 
satisfy the following design criteria: 
a. Capable of measurement of raindrops from 0.5 mm 
to 5.0 mm 
b. Capable of obtaining a sample size of at least 
one cubic meter of air space per minute 
C. System should not require film resolution of 
greater than 100 lines per millimeter 
d. System to operate semi-automaticallye 
Discussion of Criteria 
The lower size limit on the measurable drop size was 
arbitrarily chosen at 0.5 mm. The necessity for measurement 
of smaller drops is quite low if the measurements are to be 
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used in radar rainfall work. The Rayleigh scattering theory-
indicates that it would require 64 times as many 0.5 mm drops 
as 1.0 mm drops to produce the same radar reflectivity. The 
upper limit was tentatively set at 5.0 mm since it was anti­
cipated that larger drops did not occur in natural rainfall. 
This assumption was found later to be untrue.* 
The choice of a one cubic meter sample was thought to 
be sufficiently large to yield a good estimate of rainfall 
rate and radar reflectivity. It was also a compromise with 
the amount of labor involved in reducing the data. Since 
each drop would require manual measurement from the film and 
since concentrations of the order of 1000 drops/m3 are not 
uncommon, the use of larger volumes becomes impractical in 
that the data reduction becomes more formidable. 
The system film resolution of 100 lines/mm was set as a 
criterion since it was found experimentally that this was 
achievable with modest care in film handling and development. 
Higher resolution required special film such as "micro-copy" 
which is very slow and since raindrops are moving at veloci­
ties up to 10 m/s, the slower film would not be usable. 
The criterion that the system should operate semi-
automatically meant that the camera was to be started by 
some form of rain switch and then operate automatically 
until one roll of film was expended. 
*The largest all-liquid drop measured was 8.4 mm in 
diameter. Figure 8 illustrates the number of drops larger 
than 5.0 mm which occur. 
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All of these design criteria were met by the drop camera. 
Optical Design 
One of the first considerations in a photographic mea­
suring device must be the effects of perspective. Perspective 
effect, if present in the final film, would mean that differ­
ent magnifications would be necessary in interpreting the 
image measurements. One way of reducing the effects of per­
spective is to use a telecentric optical system. This system 
is illustrated In figure 1. The basic distinction In this 
system is that the aperture stop (that stop which delineates 
which of the light rays from the object pass through the 
system) is placed at the focal point of the first lens of 
the system. If the aperture stop were actually an Infinites­
imal opening, all rays passing through the aperture and inter­
cepting the first lens would be parallel in object space. 
Thus, In figure 1, the only light from an object A and an 
object B of equal size which would pass through the aperture 
would be the ray from A through B. Since these are all paral­
lel rays, the effect of perspective is completely nullified. 
In actuality, of course, it is not possible to have an 
infinitesimal hole, but even with a larger opening the same 
principle is applicable. Actually, the use of a very small 
hole introduces further difficulties in that diffraction 
effects become important prohibiting the formation of a good 
image. Furthermore, when film is placed behind the aperture 
stop with or without another lens, considerations of depth of 
Fig. 1 OPTICAL DRAWING OF TELECENTRIC SYSTEM 
16 
field become important. With reference to figure 1, the angle 
of rays accepted by the aperture stop is different for objects 
at A than those at B. This can be seen by considering the 
thin lens formula 
(12) 
where  
= distance of the object A from lens 
= distance of the image of A from lens  
= focal length of lens. 
If then and the angle from the axis to the 
stop must be different as viewed from and . Since 
the rays are converging at different angles, any further lens 
system will not be able to simultaneously focus all points in 
object space. 
One limitation of the telecentric optical system is that 
the physical size of the first lens of the system must be as 
large as the object space to be photographed. Initially, a 
12-inch system using 35-mm film was used and after proving 
the general idea, three larger 30-inch mirror systems were 
obtained. Considerations are given only to the 30-inch system. 
A 30-inch size was chosen as a break point in the cost of 
mirrors. The overall object space can then be considered to 
be 30 inches in diameter. The desired resolution of 0.25 mm 
in object space requires that the film be capable of 3000 
line resolution. Using 70-mm film, with a frame size of 56 mm, 
the film resolution has to be about 55 lines/mm. 
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Having chosen the film size as 70-mm film and a mirror 
size of 30 inches, the magnification of the optical system 
is obtainable by the ratio of these sizes. This yields a 
magnification of 0.075. The final optical layout is illus­
trated in figure 2. The first lens of the system is a mirror 
with a relatively long focal length, 
A Newtonian telescope system was chosen to provide the 
maximum usable area of the mirror and still permit a large 
camera area. The diagonal flat introduces no difficulties 
in the design of the optical system and only a minor amount 
of additional field alignment is required. 
Back lighting or shadow lighting was chosen as the most 
direct method of assuring uniform illumination throughout the 
entire sampling volume. 
The magnification of such a system can be determined to 
be equal to the ratio of the focal length of the second lens 
to the focal length of the mirror. The focal length of the 
mirror was chosen as 4000 mm. Thus, with the desired magni­
fication, a second lens of 300 mm focal length was obtained. 
Consideration of the depth of field permissible and the 
aperture size required are now considered. The depth of 
field for a given defocusing or circle of confusion is given 
by Hardy and Perrin37 as 
(13) 
where  
D is the depth of field 
z' is the radius of circle of confusion 
FIG.2 OPTICAL POSITIONING OF DROP CAMERA, TOP VIEW 
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m is the system magnification 
is the radius of entrance pupil 
p is object distance referred to entrance pupil. 
The symbolism used is the same as used by Hardy and Perrin 
and illustrated in figure 3. 
As a first order approximation, the size of the circle 
of confusion is small with respect to the size of the exit 
pupil so that equation (13) becomes 
(14) 
If the system is to be optimum, the radius of circle 
of confusion due to defocusing should be equal to the radius 
of circle of confusion due to diffraction effects around the 
aperture. This latter radius is given by Hardy and Perris as 
(15 
where  
= radius of circle of confusion 
= wavelength of light 
= 1/2 angle of exit pupil as viewed from 
image point. 
There is another relationship between the magnification of 
a system and the 1/2 angles of the entrance and exit pupils. 
This is 
(16) 
Since values of entrance and exit pupils are not known, 
it is advantageous to eliminate these values from the equa­
tions if possible. 
Fig. 3 GENERAL OPTICAL DRAWING 
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(17) 
where Z = the size of the radius of circle of confusion 
imaged back into object space. 
Using a value of Z = 0.25 mm with - 5.10-4 mm yields 
a depth of field D = 410 mm 16 inches. 
Equation (17) gives a relationship between depth of 
field and radius of the circle of confusion in object space. 
In this equation there remains no variable related to any-
particular optical system. Thus, it is apparent that for 
any optical system whatsoever, the depth of field cannot be 
any greater than allowed by equation (17). 
Since the depth of field is fixed by optical necessity, 
the choice of a large diameter first mirror for the system is 
essential in order to have a large sample volume. The appro­
priate aperture may now be calculated by using equation (14). 
(18) 
This ratio multiplied by the distance of the object to the 
mirror yields the radius of the circle on the mirror which 
contributes to the image of a point in object space. The 
object distance of 4300 mm was chosen which yields a radius 
on the mirror of 5.25 mm. The virtual image by the mirror 
of an object point 4300 mm away is 57,300 mm. By proportional 
triangles, the radius of the cone at the focal point of the 
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mirror is determined to be 4.87 mm. The f/stop is defined 
as the ratio of the focal length of a lens to the diameter 
of the entrance pupil and therefore the f/stop must be 
300/9.75 or f/30. 
Sample Volume 
As a first approximation, the sampling volume for each 
frame is represented by a right circular cylinder 30 inches 
in diameter and 14 inches deep. The depth of cylinder was 
reduced slightly to allow the raindrops to drift into the 
tunnels slightly and still be apparent on the negative. 
This yields a volume of 9900 cubic inches or 0.162 m3. Thus, 
if a sample of 1 m3 is desired, 7 frames are required. The 
cameras were operated with 7 exposures in 10.5 seconds. The 
camera film rewind time was 1.5 seconds and this is long 
enough to allow all raindrops to clear the sampling volume 
before a second picture is taken. 
Light Source 
Experience with the 12-inch camera led to the choice of 
4 FT 503 flash tubes to provide the necessary illumination 
with the small f/stop required. Each FT 503 was operated 
from a 14 ufd condenser charged to 5000 volts producing an 
input energy of 175 joules for each tube. This energy is 
less than the rated value but larger condensers could not 
be used since the light duration had to be short. A large 
raindrop travels at about 10 m/s. If the travel is to be 
limited to less than the radius of the circle of confusion 
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in object space during flash time, less than 25 micro seconds 
duration must be achieved. The duration of the output light 
from the FT 503 with 14 µfd of capacity measured at one-half 
peak light was 10 micro seconds. 
All four of the flash tubes were fired at the same time 
by use of a thyratron trigger circuit,, The total energy of 
700 joules was sufficient to produce good exposure using 
Plus-X film in the camera. In fact a neutral density filter 
had to be used to prevent overexposure and resulting "wash 
out" of smaller drops. 
General Camera Results 
Figure 4 shows the finished camera installation. A 
number of tests were run to verify the design and construc­
tion of the camera. In one test, glass beads of known size 
were suspended from threads at different locations within 
the field of the camera. Throughout the entire 16 inches, 
no change in the size of the image on the film could be de­
tected. There was of course better and sharper definition 
in the central area and progressively more fuzzy images as 
the beads were moved towards the extremes. In the central 
area an accuracy of ±0.05 mm could be achieved. This accur­
acy degraded to ±.2 in the vicinity of the near and far edges 
of the sampling volume. Astigmatism was apparent near the 
edges of the sampling volume which also degraded the accuracy 
of measurement in one of the dimensions. Beads as small as 
0.3 mm in diameter could be recognized in the central area 
Fig. 4 EAST CENTRAL ILLINOIS DROP CAMERA INSTALLATION 
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but were not visible near the edges of the sampling volume,, 
A National Bureau of Standards optical resolution chart was 
obtained and was used for focusing and routine measurements 
of the resolution and the depth of field. Using this card, 
an overall resolution of over 2 lines per mm referred to 
object space was achieved over the entire sampling volume, 
routinely. Figure 5 shows an enlarged picture of raindrops 
obtained with the camera. The final enlargement here brings 
the raindrops to about twice life size. Figure 6 shows the 
entire frame from which figure 5 was obtained. This frame 
was obtained on July 25, 1964 in Illinois. The rainfall rate 
was 166 mm/hr. On this frame, there were 943 raindrops. 
Only the larger drops can be seen on the reproduction. This 
represents a concentration of 6600 drops/m3. The radar re­
flectivity was 4.7.105mm6/m3 and the liquid water content 
was 7.38 g/m3. 
Fig. 5 PARTIAL FRAME OF ENLARGED RAINDROPS 
Fig. 6 EXAMPLE OF ONE FRAME OF CAMERA DATA 
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DATA COLLECTION AND MEASUREMENT 
Locations 
After a limited amount of raindrop camera data was ob­
tained in Illinois, the cameras were sent to seven locations. 
The intent was to sample rainfall at different climatic areas 
to determine the differences in the radar-rainfall rate rela­
tionship. The seven locations chosen were: 1) Miami, Florida; 
2) Corvallis, Oregon; 3) Majuro, Marshall Islands; 4) Bogor, 
Indonesia; 5) Woody Island, Alaska; 6) Island Beach, New 
Jersey; 7) Franklin, North Carolina. These seven locations 
represented nearly all of the non-arid major climatic regimes 
on the earth. The cameras were operated at these locations 
by sub-contract with the University of Miami, Oregon State 
College, University of Indonesia and with the United States 
Forest Service in North Carolina. Local Weather Bureau em­
ployees operated the camera in the Majuro Islands, and Federal 
Aviation Agency employees operated the camera in Alaska. The 
camera in New Jersey was originally to have been operated by 
personnel from Fort Monmouth, but most of the operation was 
performed by a local high school teacher. 
Table 1 shows the locations where data have been obtained 
along with the distribution of data within the year. Most of 
the locations have data throughout the year. The Oregon in­
stallation was operating through the summer months but the 
TABLE 1 
DISTRIBUTION OF DATA COLLECTION BY MONTHS 
Location Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec Total 
Woody Island, 
Alaska 6 
225 
5 
133 
3 6 
33 216 9 351 
8 
442 
7 
343 
10 
391 
5 56 
3 10 
94 326 
2 
78 
74 Days 
2688 Samples 
Miami, Florida 7 394 
1 9 4 66 306 46 448 3 82 
8 
207 
12 250 9 6 6 7 128 189 184 206 79 Days 2506 Samples 
Majuro, Marshall Islands 4 81 1 44 7 20 11 67 445 215 
12 
524 
7 271 
11 
457 
7 208 4 5 96 63 
6 81 95 Days 2552 Samples 
Corvallis, Oregon 12 501 
1 8 
10 16 -
198 358 -
9   -  -   -   -   - 203   -  -   -   -   -
11 
435 
59 Days 
1703 Samples 
Bogor, Indonesia 14 
426 
4 
55 
15 13 
333 253 
5 
63 
1      -   -   - 
16   -
-
- -
12 
- 239 
12 
494 
76 Days 
1879 Samples 
Champaign, Illinois 1 
17 
-
-
1 1 
20 14 
4 
68 2 41 
6 
208 13 343 
3 152 5 - 256 -  -
- 36 Days 
1119 Samples 
Island Beach, New Jersey 6 
199 
9 501 6 7 236 298 5 121 13 486 9 292 7 122 5 92 
8 8 
287 326 
4 
187 
87 Days 
3147 Samples 
Coweeta, 
North Carolina 6 10 17 9 7 357 532 674 410 283 
14 
661 15 11 553 384 198 4 7 123 213 
8 
416 
115 Days 
4804 Samples 
Totals 621 Days 
20,398 Samples 
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climate is such that no rain falls in the summer. The 
Indonesian system was the poorest sample. Rain does occur 
through the summer months but no sampling was obtained. In 
table 1 "sample" refers to a one-minute sample of a rainfall 
for which a non-zero rainfall rate was computed. 
Photographic Measurements 
After exposure, the film was processed in a tank under 
controlled temperatures to provide a fine grain negative. 
The development was in a diluted solution of D-76 with a 
development time of twice normal. The film was projected 
with a magnification such that the projected images were 
twice life size. At first the images were measured using a 
calipers and the values manually read and tabulated. Using 
this procedure, one minute of data required about 4 hours to 
measure and it became apparent that a more efficient means 
was needed. 
A semi-automatic system was designed which permitted 
automatic reading of the calipers and entering of the results 
into an IBM machine. A caliper was fabricated in such a way 
that a lead screw moved one of the jaws of the caliper. Coupled 
to the lead screw was a ten position switch. Also coupled to 
the lead screw by a Geneva gear was a second ten position 
switch. The lead screw was made with 5 threads per centi­
meter so that one complete turn produced a movement of the 
measurement jaws of 2 mm. Since the directly coupled switch 
had ten positions, each switch position represented 0.2 mm 
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movement of the jaws. Since an overall film magnification 
of 2 was employed, each switch position represented 0.1 mm 
of size of the original raindrop. This switch was then 
called the tenths switch. The second switch moved one posi­
tion for each full rotation of the lead screw which was 2 mm 
movement of the jaws. With the magnification of 2, this 
switch represented the units of millimeters of the raindrop. 
A control box was designed and built which sequentially 
sampled the units switch and the tenths switch and trans­
ferred the information to an IBM 0-24 card punch. 
The projection table was constructed with a glass area 
in the central part. Underneath the table and at an angle 
was a front surfaced mirror. A projector was mounted to the 
right of the table and projected forward into a mirror and 
then back into the mirror below the table and then upward 
onto a translucent screen. For convenience, the projector 
could be swiveled around both a vertical axis and a horizontal 
axis permitting the operator to bring all parts of projected 
images within easy reach of the front of the table. A photo­
graph of the projection table, projector and control box is 
shown in figure 7. Using this system, the average time re­
quired to measure a one-minute data sample was reduced to 
about 1 hour. A horizontal and a vertical measurement was 
made of each raindrop. The assumption of an axis of vertical 
symmetry was made. This assumption is very nearly correct 
according to Jones.38 Jones used the 12-inch prototype 
camera plus a second camera viewing the same drops at right 
Fig. 7 PROJECTION TABLE AND CALIPERS 
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angles to determine whether the vertical axis was an axis 
of symmetry. 
In considering the overall accuracy of the data, the 
measurement accuracy is the step which introduces the 
greatest uncertainty in the results. The task of measuring 
the raindrops individually is one that is quite boring; 
therefore, operators tend to become fatigued and careless, 
and this produces inaccuracies in the measurements. This is 
indicated by measurements repeated on an individual minute 
sample. In general, agreement of the number in each class 
to within ±10 percent can be achieved easily on the drops 
0.8 mm and larger. The number of drops with diameters be­
tween 0.5 and 0.8 mm are frequently in greater error. The 
number of drops in these small sizes does not influence the 
radar back scatter cross section. At the same time, but to 
a lesser degree, the small drops do not influence the rain­
fall rate or the attenuation cross section as much as do the 
larger drops. The measurement accuracy for each drop is 
assumed to be ±0.2 mm as indicated by the resolution of the 
optics of the camera, the resolution of the film, and the 
resetability of the calipers to the drop size image. Under 
some conditions, it Is felt that the measurement accuracy 
may be better than ±0.1 mm. 
Occasionally, some measurements have been made under 
conditions which prohibit this accuracy. In particular, 
some measurements of drop camera film that were obtained 
under interesting synoptic conditions were made even though 
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the glass on the shelters had become wet and caused some 
image blurring. The greatest danger in measuring under such 
conditions is that the blurring increases the possibility of 
missing the drop, especially a small one, completely. 
Occasionally, because of a fault in the camera, a sample 
is composed of less than 7 frames. In this case, if there 
are 6 frames which are measurable, measurements are made on 
the 6 and the results are extrapolated to one cubic-meter 
sample. All drop size measurements that have less than 
8 drops/m3 have been discarded on the grounds that the sam­
ple is not representative and that the rainfall rate is too 
low to be of any significance in total amount. 
Initial Drop Size Spectra 
The IBM cards from the measurements were then submitted 
to a computer for determination of the equivalent spherical 
diameter and for tabulating into a frequency table. The 
equivalent spherical diameter should be calculated by taking 
the cube root of the product of the vertical measurement and 
the square of the horizontal measurement. It was noted, 
however, that if only 2 place accuracy was required, the 
simpler scheme of averaging the two readings and rounding 
downward provided a much faster and sufficiently accurate 
method. The tabulated drop size frequency spectra were 
punched on two IBM cards. These cards, called distribution 
cards, contained the number of drops in each 0.1 mm diameter 
interval from 0.5 mm to 7.9 mm. These cards served as data 
cards for the remainder of the computations. 
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The number of drops that can be measured in a one-minute 
sample has varied from the base of 8 drops/m3 to a maximum of 
13,000 drops per cubic meter. 
The one-minute sample which produced the 13,000 drops is 
shown in figure 8. This minute was unusual, not only in the 
number of drops, but also in the low reflectivity for the 
rainfall rate. This indicates a loading of drops into the 
smaller size classes. 
Initial Drop Computations 
After distribution cards have been obtained, they are 
resubmitted to the computer. The computer then calculates 
the rainfall rate, R; the radar reflectivity, Z; the radar 
attenuation cross section, Qt; and the liquid water content, L. 
This part of the computation amounts to solving the matrix 
equation 
These constants have been determined by calculation. The 
rainfall rate constants are determined by application of the 
equation 
Fig 8 ONE-MINUTE SAMPLE OF LARGEST TOTAL 
NUMBER OF DROPS AT MIAMI, 1105 EST, 
JUNE 21,1958 
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This equation is solved at the end points of each interval. 
For example, a value is determined for a drop of 1.45 mm and 
for a drop of 1.55 mm. The results of these two extremes are 
averaged to determine the coefficient which is applied to the 
1.5 mm drop. The fall velocity used in equation (20) is the 
terminal velocity of the drop as reported by Gunn and Kinzer.39 
The values for Z, the radar reflectivity, are taken as 
the ΣD6 over unit volume. Again, values for Z were calculated 
at the intermediate position between intervals and the two 
ends averaged arithmetically to determine the coefficient of 
each of the drop sizes. The units of the reflectivity, Z, 
are in mm6/m3. 
The attenuation cross section has been calculated from 
the Mie scattering equations for 3-cm radiation. The same 
procedure for determining the constant for each of the class 
intervals is followed for this coefficient. 
The constants of liquid water content are determined by 
the equation 
(21) 
After the matrix multiplication is performed, another 
multiplication of each of the terms of the resultant matrix 
is multiplied by a term called the volume correction. For 
each drop camera location, the exact size of the volume of 
air sampled in 7 frames is determined by measurement of the 
distance between the shields and the amount of blocking due 
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to the optical components such as the diagonal flat and the 
mirror supports. After having determined the actual sampling 
volume, a correction is applied which produces the number of 
drops and the value of the variables as if one cubic meter 
were sampled. The size of the volume correction normally 
ranges between 0.97 and 1.1. 
The values of these variables are then read from the 
computer and are combined with the observations made by the 
camera operator and with synoptic types determined by an­
alysis of the conditions prevailing when the data was obtained. 
38 
AVERAGE DROP SIZE SPECTRA 
Individual one-minute drop size distributions frequently 
exhibit large changes in the number of drops in adjacent 
classes. These fluctuations are attributed to statistical 
sampling noise and are related to the sample size. To re­
duce these fluctuations, a number of one-minute distributions 
representing the same rate were averaged. The resultant 
distributions are smoother and more easily classified. The 
averaging takes place by averaging the numbers of drops in 
each class interval. 
Average distributions for different rainfall rates are 
exhibited in figures 9 through 16. The number of one-minute 
samples added together for each average is the number Ns 
shown in each figure. The average distributions are gener­
ally monomodal curves with modes occurring between 0.9 and 
2 mm. Above the mode, the curves are very nearly straight 
lines on the semi-logarithmic plots. The number of drops 
decreases sharply for diameters less than the mode. The 
distributions are generally smoother and have a more sys­
tematic relation to rainfall rate at the low rates; at high 
rates, they are more erratic due to the smaller number of 
samples in the averages. 
From these figures, some geographical variations can be 
noticed. The New Jersey curves have some similarity to those 
of Ma juro in the larger drop sizes. However, New Jersey 
rains have more total drops/m3 than does Ma juro rain. The 
FIG. 9 AVERAGE DISTRIBUTIONS FOR ALL MIAMI, FLORIDA DATA 
FIG 10 AVERAGE DISTRIBUTIONS FOR MAJURO, MARSHALL ISLANDS 
FIG II AVERAGE DISTRIBUTIONS FOR CORVALLIS, OREGON 
FIG 12 AVERAGE DISTRIBUTIONS FOR ISLAND BEACH. 
NEW JERSEY 
FIG. 13 AVERAGE DISTRIBUTIONS FOR COWEETA LAB., N. CAROLINA 
FIG 14 AVERAGE DISTRIBUTIONS FOR THUNDERSTORMS AT MIAMI, FLORIDA 
FIG. 15 AVERAGE DISTRIBUTIONS FOR RAINSHOWERS AT MIAMI, FLORIDA 
FIG 16 AVERAGE DISTRIBUTIONS FOR CONTINUOUS RAIN AT MIAMI. FLORIDA 
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Miami distributions are generally similar to those from New 
Jersey at large drop sizes, but have broader modes located 
at larger drop sizes. The Oregon data has only low rates 
since these are all that occurred. The Oregon data has broader 
modes for the same rates than those at any other location. 
The average distributions for thunderstorms, rainshowers, 
and for continuous rain at Miami, Florida, are presented in 
figures 14, 15, and 16. An interesting feature of the thun­
derstorm curves, figure 14, is the rapid increase in small 
drops at rates above about 50 mm/hr. It should be noted, for 
example, that the number of 0.7 mm drops increases from 1.7 
at 43.6 mm/hr to 335 at 215.6 mm/hr. For the same change in 
rate, the number of 3 mm drops increases from 2.2 to only 18. 
This effect is also apparent on the curves for all Miami data, 
figure 9, since at the high rates most of the rain came in 
thunderstorms. 
In figure 17, average total number of drops, NT, is 
plotted against the rainfall rate. The slope of the data 
for Miami increases beginning at 50 mm/hr. This is a result 
of the large increases of small drops. One explanation of 
this increase in small drop numbers may be raindrop break up. 
If this is the explanation, it should be reflected in a dis­
continuity of the number of large drops. Such a discontinuity 
has not been found, A more probable source of the large in­
crease in numbers of small drops in high rates may be splash 
of raindrops from the tunnels and shelters of the raindrop 
camera. Even with these large numbers of small drops, the 
FIG. 17 NUMBER OF DROPS PER CUBIC METER VS. RAINFALL RATE 
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calculated rainfall rate and radar reflectivity are not 
greatly affected and the data has been included in the 
analysis. 
Fitting Equations for Drop Size Distributions 
Several fitting equations have been proposed for drop 
size distributions. Probably the best known and most widely 
used one is that of Marshall and Palmer.40 
where ND dD is the number of drops per cubic meter of 
diameter between D and D + dD mm, and No is the value of ND 
for D = 0. No was considered constant with a value of 
0.08 cm"4. The parameter was related to rainfall rate 
by the equation 
where R is the rainfall rate in millimeters per hour. These 
equations have been found very useful by many investigators 
due largely to their simplicity. However, the number of 
small drops is overestimated quite severely. Even if drops 
below the mode are ignored, it has been found that much of 
the raindrop camera data is not fitted well by these equa­
tions using a constant No and with determined by equa­
tion (23). 
Marshall and Palmer data tended to show a decrease in 
drops below 1.3 mm. They did not measure drops below 1.0 mm 
and thus the straight line appears to fit their data. If 
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the Marshall and Palmer relationship is fitted to the rain­
drop camera data for the larger drops, the slope of the lines 
do not vary as R-.21. At Miami the slope remains constant or 
even increases slightly with large values of R. Figure 18 
shows the manner in which the parameter varies with rain­
fall rate for the Miami data. In addition, the intercept 
value No fluctuates greatly. 
Fujiwara41 proposed the equation 
where and Do are empirical parameters. This equa­
tion fits the small drop portion of the distribution much 
better than equation (22). The major disadvantage of this 
form of fitting equation is the difficulty of determining 
the three parameters and Do, from a distribution. 
The log-normal distribution has been examined as to its 
applicability to drop size distributions. The use of this 
distribution has been suggested by Levine.42 Also, Matvejev43 
references the work of Kolmogoroff on this equation. Irani 
and Callis44 use the log-normal distribution for particle 
size distributions in general. This distribution has the 
appearance of a Gaussian normal distribution if the frequency 
of occurrence is plotted against the logarithm of the drop 
diameter. 
The log normal distribution can be expressed in the fol­
lowing form for use with drop size distributions 
FIG. 18 VARIATION OF A WITH RAINFALL RATE 
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In this equation, ND dD is the number of drops/m3 of diameter 
between D and D + dD, and NT is the total number of drops/m3 
in the distribution. DG is the geometric mean diameter of 
the distribution and is readily computed from the distribu­
tion by the equation 
The geometric standard deviation, , is then given by 
The average distributions were fitted by computing 
and using equations (26) and (27); then these values 
were used in equation (25) to calculate the "theoretical" 
points on figures 9 through 16. In general, these points 
fit the data better than any other distribution tested. It 
also fits individual one-minute distributions satisfactorily. 
The parameters of the fitting curves can be easily determined 
from equations (26) and (27) and NT by summing the number of 
drops in each sub class. 
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RESULTS OP ANALYSIS 
Radar Reflectivity-Rainfall Rate Relations 
The primary purpose of this research was to find a re­
lationship between rainfall rate and radar reflectivity,, 
Both of these parameters were calculated from the drop size 
spectrum. Prior work indicated that the most appropriate 
relationship could be obtained by finding the regression line 
between the logarithms of rate and reflectivity. Most of the 
analysis has been performed using this technique which is 
called the logarithmic least squares. 
This method minimizes the logarithmic (or percentage) 
error. The resulting equation is 
where ko and kl are constants. Since,, for practical use of 
a radar set, the reflectivity is measured and used to predict 
the rainfall rate, the analysis was performed with reflec­
tivity as the independent variable. With this assumption 
where the primes indicate common logarithms of variables 
54 
and 
A more common form for radar meteorological work is 
Z = aRb (31) 
where a = lOkl/ko  (32) 
An estimate as to how well the data are represented by 
the regression lines is the correlation coefficient or the 
standard error of estimate. The correlation coefficient, r, 
is defined as 
The correlation coefficient for this data is always high, 
varying from 0.90 to 0.99. The standard error of estimate, 
Se, is obtained by 
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This latter statistic may be interpreted as a measure of the 
amount of scatter around the regression line. If this scatter 
is Gaussian, then Se is the best unbiased estimator of the 
standard error of the deviations of the data points from the 
regression line,, This measure is not completely justifiable 
since the variation of the points around the regression is 
not normally distributed. Nevertheless, its use appears 
reasonable in estimating the relative reliability of the 
different data stratifications which are made in the follow­
ing sections. Figures 19 through 24 are plots of the data 
points and the fitted curves. Not every data point is 
plotted since there are so many points. On the right of 
each figure is an indication of the plotting density used. 
The points plotted were chosen at random. The scatter of 
points around the regression line is larger for the low rates 
and reflectivity. This greater scatter is probably due to 
larger sample error in the low rates and to the logarithmic 
transformation which tends to exaggerate the differences of 
a rate when the rate is low. 
A second technique was also used which removed the some­
what arbitrary form of the result. This method consisted of 
ranking a group of data by reflectivity. The ranked data was 
then separated into intervals of the reflectivity. These in­
tervals were chosen to be 1 db wide. This choice is dictated 
by the means used in calibrating radar sets which normally 
yield calibrations in the logarithmic units. Separation at 
arithmetic intervals was performed and the results are similar. 
FIG. 19 RAINFALL RATE- RADAR REFLECTIVITY SCATTERGRAM FOR FLORIDA DATA 
FIG. 20 RAINFALL RATE - RADAR REFLECTIVITY SCATTERGRAM FOR MAJURO DATA 
FIG. 21 RAINFALL RATE- RADAR REFLECTIVITY SCATTERGRAM FOR OREGON DATA 
FIG. 22 RAINFALL RATE - RADAR REFLECTIVITY SCATTERGRAM FOR INDONESIA DATA 
FIG. 23 RAINFALL RATE - RADAR REFLECTIVITY SCATTERGRAM FOR ALASKA DATA 
FIG. 24 RAINFALL RATE-RADAR REFLECTIVITY SCATTERGRAM FOR NEW JERSEY DATA 
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Within each interval, the average rainfall rate was determined. 
This average rate is then considered to be the best estimate 
of rate for this value of reflectivity. 
Non-Stratified Relations 
The relationships for the entire data sample for each 
location are shown in table 2. Even though the correlation 
coefficients are as high as O.98, the data is scattered over 
rainfall rate range of a factor of three. This accuracy is 
not sufficient for many purposes although it may be suffici-
ent for some. A standard error of estimate of 0.198, as at 
Florida, indicates that logarithmic values greater by 0.198 
occur with a priori probability of 0.68. An increase of the 
logarithm by 0.198 is an increase in the number by 1.57 times. 
TABLE 2 
RADAR REFLECTIVITY-RAINFALL RATE RELATIONS 
FOR NON-STRATIFIED DATA 
Location 
Florida 
Marshall Islands 
Oregon 
Indonesia 
Alaska 
North Carolina 
Z = aRb 
a b 
286 1.43 
221 1.32 
301 1.64 
311 1.44 
267 1.54 
230 1.40 
Correlation Standard Error 
Coefficient of Estimate 
0.95 0.198 
O.96 0.170 
0.92 0.136 
0.98 0.147 
0.94 0.142 
0.97 0.171 
The second method of analysis is presented in abbrevi-
ated form in table 3 for six locations. A Z interval of 1 db 
was used but the results of every fifth interval only are pre-
sented for brevity. These values when plotted on log-log graph 
paper produce straight lines not different from the regression 
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lines found from logarithmic least squares. Since these 
yield straight lines the logarithmic least squares is an 
acceptable analysis method and does not appear to be im­
properly forcing the data to a straight line. 
TABLE 3 
MEAN RAINFALL RATES AS A FUNCTION OF REFLECTIVITY 
Reflectivity Marshall (mm/hr) North 
(mm6/m3) Florida Islands Oregon Indonesia Alaska Carolina 
1.1·10 1.0 1.0 0.6 0.5 0.6 0.6 
3.5·10 1.0 1.6 1.1 l.l 1.2 1.6 
l.l·lO2 2.5 3.7 2.3 2.4 2.8 3.5 
3.5·102 6.3 8.7 5.4 6.0 5.2 7.8 
l.l·103 14.5 21.6 9.5 14.4 8.8 17.7 
3.5·103 34.8 48.4 18.7 29.5 9.0 38.7 
1.1·104 68.5 90.5 - 65.7 9.2 87.1 
3.5·104 167.1 - - 70.0          -          -
1.1·105 247.7 - - 123.8          -          -
A number of differences between locations can be seen 
in these non-stratified data. The two extreme locations are 
the Marshall Islands and Alaska. The Marshall Island data 
indicate the highest rainfall rate for a particular radar 
reflectivity. At a reflectivity of 1.1.104 mm6/m3, nearly 
10 times greater rainfall rate is occurring In the Marshall 
Island climate than in the climate around Alaska. The drop 
size spectra In the Marshall Islands contain a relatively 
large number of small droplets which do not yield as much 
radar return as the larger but fewer drops in the Alaskan 
rains. 
The climate of Oregon is similar to that of Alaska and 
thus the relationships are very similar. Florida and Indonesia 
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tend to be nearly the same for low and medium values of the 
reflectivity but for the high values Florida has higher 
rates. This departure at the high rates is suggestive that 
different meteorological conditions prevail during high rate 
conditions at these locations. 
Stratification by Rain Type 
At some locations the data were separated into groups 
according to the rain type classification as reported by the 
observer operating the camera. The rain types recognized 
were thunderstorms, rainshowers, and continuous rain. The 
observers in all cases had had some form of weather training 
and their reports were not modified. 
The camera at North Carolina was operated on the side 
of a mountain some 4 miles from the observer's normal duty 
station. This prevented him from making observations of the 
rain type occurring at the camera. The observers at Alaska 
reported continuous rain for nearly all of the data and there 
was not sufficient data in the rainshowers to allow meaning­
ful regressions. At the other extreme, nearly all of the data 
from Indonesia was reported as thunderstorms. At the remain­
ing locations, stratification by rain type was performed and 
the results of the logarithmic least squares are shown in 
table 4. 
Since the standard error does not decrease appreciably, 
this stratification does not benefit the user greatly. The 
more showery a rain becomes the higher the radar reflectivity 
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for medium to high rates. This is indicated by the increase 
in the size of the exponent from continuous rain through 
showers to the thunderstorms. 
TABLE 4 
RADAR REFLECTIVITY-RAINFALL RATE RELATIONS 
USING RAIN TYPE STRATIFICATIONS 
Z = aRb Correlation 
Standard 
Error of 
Minutes 
of 
Location Rain Type a b Coefficient Estimate Data 
Florida Continuous 322 1.33 0.94 O.187 911 Showers 250 1.47 0.95 O.185 696 
Thunderstorms 224 1.51 0.94 0.190 902 Marshall 
Islands Continuous 226 1.46 0.97 0.184 1491 
Showers 146 1.42 0.92 0.141 952 
Oregon Continuous 295 1.59 0.92 0.133 600 
Showers 327 1.66 0.91 0.135 218 Thunderstorms 339 1.64 0.95 0.089 82 
Stratification by Synoptic Type 
Stratification of data by examining the surface mete-
orological chart prepared by the U. S. Weather Bureau was 
attempted. The classification was in accordance to the major 
disturbance in the area and its relative position to the 
camera. A partial list of the classifications is air mass, 
pre-cold frontal, cold frontal, post-cold frontal, warm front, 
overrunning, Easterly Wave, trough aloft, warm occlusion, cold 
occlusion, trade wind showers, and intertropical convergent 
zone. Naturally, not all of these classes were filled at any 
one location. Surface maps were not available for Indonesia 
so this could not be performed. Data from Alaska and North 
Carolina have not been stratified by synoptic type due to 
lack of analysis time. 
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Table 5 presents the results of the synoptic stratifi-
cations for the other locations. 
TABLE 5 
RADAR REFLECTIVITY-RAINFALL RATE RELATIONS 
USING SYNOPTIC STRATIFICATIONS 
Z = aRb Correlation 
Standard 
Error of 
Minutes 
of 
Location Synoptic Class a b Coefficient Estimate Data 
Florida Air Mass 323 1.42 0.98 0.180 467 
Pre-Cold Front 280 1.49 0.95 0.188 744 Cold Front 198 1.54 0.95 0.176 187 
Warm Front 403 1.24 0.96 0.145 341 Overrunning 302 1.36 0.94 0.165 196 
Easterly Wave 296 1.35 0.97 0.156 536 Trough Aloft 
Pre-Cold 261 1.43 0.97 O.178 80 
Occlusion 330 1.66 0.91 0.127 40 
Marshall / 
Islands Easterly Wave Trade Wind 196 1.38 0.95 0.171 1126 
Showers 
Intertropical 
Convergence 
126 1.47 0.98 0.130 239 
Zone 196 1.38 0.95 O.178 1136 
Oregon Air Mass 322 1.62 0.95 0.094 157 Post-Cold Front 322 1.70 0.90 0.140 204 Overrunning 307 1.56 0.92 0.138 352 
Warm Front 295 1.66 0.91 0.143 158 Warm Occlusion 
Pre-Warm 339 1.48 0.95 0.126 175 
Occlusion 
Post-Warm 309 1.92 0.90 0.111 151 
Occlusion 268 1.81 0.88 0.146 320 
Some improvement is suggested in this stratification 
scheme. The standard errors do reduce somewhat and the cor-
relation coefficients generally are slightly higher. Some 
reduction in the standard error of estimate might be expected 
as a result of smaller sample. Confidence limits calculated 
for the exponent, b, would indicate that the chances are remote 
that these are samples of the same parent population. 
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Stratification by Thermodynamic Instability 
The conditions of the air aloft influence the production 
of raindrops. A measure of the instability of the air was 
investigated to determine whether a significant reduction of 
the standard error of estimate could be obtained. The thermo­
dynamic instability to some extent measures the strength of 
updrafts and available moisture. Tornado forecasts are based 
partially on this instability. The vigor of the storm might 
be reflected in the drop size spectra. A measure of the 
thermodynamic instability is the amount of energy required 
to lift a parcel of air from the ground to a prescribed level 
aloft. If this energy is negative, instability is indicated. 
In the calculations parcels of air were raised from the sur­
face and from every 50 mb pressure level to 600 mb up to a 
pressure height of 150 mb. The sum of the energies for each 
of the parcels is then a measure of the average thermodynamic 
instability. Radiosonde observations are normally obtained 
every 12 hours. The nearest earlier radiosonde was used for 
each storm. The range of instabilities was then divided into 
groups and logarithmic least square analysis performed on 
each group. Table 6 contains the result of this analysis.  
The standard error of estimate is generally larger for this 
stratification than for either the synoptic type or the rain 
type stratification. One of the errors which may contribute 
to this poor stratification is the time separation between the 
radiosonde ascent and the time of rainfall. Frequently, the 
upper air conditions change just before the rain occurs. 
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Indeed, the change in the upper air conditions may produce 
the rainfall. 
TABLE 6 
RADAR REFLECTIVITY-RAINFALL RATE RELATIONS USING 
THERMODYNAMIC INSTABILITY STRATIFICATION 
Z - aRb Standard Minutes Correlation Error of of 
Location Instability a b Coefficient Estimate Data 
Florida 1 (highest) 264 1.40 0.97 0.141 136 
2 295 1.36 0.97 0.169 286 
3 307 1.41 0.97 0.150 367 4 304 1.41 0.96 0.168 416 
5 313 1.39 0.98 0.141 133 
6 206 1.42 0.97 0.105 117 
7 420 1.41 0.97 0.191 161 
8 358 1.31 0.95 0.155 559 9 352 1.38 0.95 0.146 238 10 (lowest) 257 1.27 0.96 0.175 167 
Marshall 1 (highest) 153 1.38 0.97 0.182 160 
Islands 2 207 1.47 0.92 0.241 303 3 143 1.41 0.97 O.182 356 
4 234 1.36 0.92 0.250 736 
5 172 1.41 0.94 0.227 738 6 191 1.40 O.96 0.226 76 
7 (lowest) (highest) 166 1.46 O.96 0.218 91 Oregon 1 237 1.98 0.86 0.143 32 
2 216 2.01 0.88 0.127 36 3 217 1.51 0.92 0.136 79 4 211 1.99 0.86 0.146 369 
5 167 3.05 0.76 0.109 101 
6 232 1.98 0.83 0.160 182 7 263 1.66 0.88 O.163 99 8 ( [lowest) 248 1.90 0.88 0.147 526 
The inadequacies of the radiosonde data along with the loss 
of accuracy as estimated by the standard error of estimate 
preclude the use of this stratification. 
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LIQUID WATER CONTENT 
As a secondary study the liquid water content for vari­
ous rainfall rates were computed. This part of the study was 
accomplished at the request of the Naval Turbine Test Center 
as an aid in the operation of jet aircraft in rain. High 
values of liquid water content ingested by an aircraft tur­
bine engine produce "flame out" and "compressor stalls." 
The raindrop size spectra were used to calculate the mass 
of water per cubic meter of air space. The liquid water 
content was then compared with the rainfall rate. Figure 25 
shows liquid water content plotted against rainfall rate for 
Illinois, Florida, and Alaska. Each point on these graphs 
shows the average liquid water content for each 1 mm/hr in­
crement of rainfall rate up to 100 mm/hr. Above this rate, 
larger increments are used. The logarithmic least squares 
fit to the Florida data produces the equation 
L = .0528 Rº95  (36) 
where 
L is the liquid water content in gm/m3 
R is the rainfall rate in mm/hr. 
Plotted on the graph for Florida are the highest and lowest 
value of liquid water content associated with each rainfall 
rate up to 100 mm/hr. Above this rate, the scatter about 
the points becomes so small on logarithmic paper that it has 
not been plotted. The value of the exponent of the rate 
being near unity is an indication that a linear relationship 
FIG 25 LIQUID WATER CONTENT VERSUS RAINFALL 
RATE FROM FLORIDA, ILLINOIS & ALASKA. 
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between these parameters would be as adequate as the loga­
rithmic equation,, A linear fit of the data yields an equa­
tion of 
L = 0.0425 R (37) 
The normal jet engine can ingest liquid water up to about 
10 g/m3 before malfunctioning. This would indicate that 
rains with rates in excess of 200 mm/hr could be dangerous. 
A second statistic of the relative frequency of occur­
rence of the liquid water content was desired. In general, 
a one-year sampling of the data was obtained at each location. 
During this one-year interval between 60 and 80 percent of 
total rainfall time was sampled. The value of a one-year 
sample to obtain a frequency of occurrence is doubtful since 
one heavy rain may seriously effect the results. Nonetheless, 
the frequencies were calculated as the best estimates pres­
ently available. A better method might have been to use long 
time frequency of rainfall records and transform them to 
rainfall rates by means of equation (36). This scheme could 
not be performed because the required rainfall rate statis­
tics are not available in the literature. 
The resulting frequency distributions are exhibited in 
figures 26 and 27. On inspection, it can be noted that there 
are groups of data that appear to be very similar. The fre­
quency distributions from Alaska and Oregon are nearly dupli­
cates of each other. They both represent very light rainfall 
and low liquid water content. Marshall Islands and Indonesia, 
both representative of tropical conditions, also appear to be 
FIG 26 LIQUID WATER CONTENT FREQUENCY DISTRIBUTIONS 
FIG. 27 LIQUID WATER CONTENT FREQUENCY DISTRIBUTIONS 
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very similar. They both appear to be nearly straight on 
these plots and there is less than .05 g/m3 spread between 
them at any point except at the highest liquid water content 
points. These points are subject to large sampling error 
since only a few samples were obtained at these values. 
Likewise, New Jersey and North Carolina seem to be very 
similar, again, differing primarily in the higher values of 
liquid water content. Both New Jersey and North Carolina 
exhibit a curvature in the low liquid water content region. 
The data from Marshall Islands are all shower type rainfall. 
The Indonesia data are thunderstorms and showers. There­
fore, it would appear that showers and thunderstorms can be 
characterized by a straight line with low slope on these 
distributions. If it is noted that the curves for Alaska 
and Oregon represent, primarily, continuous rains and that 
they represent very high values of the ordinate for low 
liquid water content, 1½ grams per cubic meter and below, 
an explanation for the curvature in the New Jersey and North 
Carolina data might be obtained. It is proposed that a por­
tion of the New Jersey and North Carolina rain were of a 
light continuous nature, similar to the light continuous 
rains found at Alaska and Oregon. Thus, when these are added 
to the showery rainfalls as represented by the data from 
Majuro and Indonesia, a curve such as those for New Jersey 
and North Carolina is obtained. 
The curve from Miami, Florida, is different from any of 
those previously described. It does have some curvature at 
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the small end which might be attributed to light continuous 
rain, but it has a much higher percentage of the rains occur­
ring with large liquid water content than either Majuro or 
Indonesia. 
The highest liquid water content was obtained at Miami 
and was 29.18 g/m3. This point does not show on the figure 
since the probability of higher amounts is extremely low.* 
The portion of the curve beyond 15 g/m3 was represented by 
a number of samples and it is not believed that this could 
have been a sampling problem in the raindrop cameras. These 
values are higher than any of the liquid water contents from 
other locations. About one percent of the rain time at Miami 
has liquid water contents considered dangerous to jet air­
craft operation. It is believed that Miami has a unique 
position in that a plentiful moisture supply is available 
along with high instability, due to cooler, drier air aloft. 
*This sample also had the highest rainfall rate measured 
at any locations 722 mm/hr„ The observation was made at 
1426 EST, 13 May 1958. The cubic meter sample contained 
4782 drops. 
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RADAR ATTENUATION 
Raindrops produce attenuation to electromagnetic radia­
tion as well as reflected power. This attenuation is impor­
tant for wavelengths less than 5.0 cm. Since there are many 
weather radars operating with shorter wavelengths, a study of 
the attenuation by rainfall was accomplished. This work has 
been performed at a wavelength of 3.2 cm only. This frequency 
is the frequency commonly used at which attenuation is important. 
Attenuation Cross Section-Reflectivity Relations 
The attenuation cross section was compared with the radar 
reflectivity and the rainfall rate. The relationship between 
the radar reflectivity and the attenuation permits correction 
for the attenuation to be made from the power return to the 
radar from intervening precipitation. The technique of at­
tenuation correction is dangerous, as small errors may become 
greatly magnified, eliminating all advantages of the correc­
tion. The problem of attenuation correction is discussed at 
length by Hitschfeld and Bordan.45 This analysis is based 
on fully compensating the attenuation at each point by the 
calculated rainfall rates at all radial points closer to the 
radar. Since some of these points have already been corrected 
for the rain attenuation, the error is a product of the errors 
made previously. This cumulative error can increase without 
bounds. One proposal which prevents enormous errors is to 
correct the attenuation by the reflectivity values obtained 
nearer the radar but without correcting the prior values for 
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attenuation. This scheme will produce an undercorrection for 
the attenuation but will not allow the increase without bounds 
which occur so easily using the fully corrected technique. 
The attenuation, A, in decibels per kilometer is obtained 
from the radar attenuation cross section by the relationship 
A = 4.35·10-3Q   (38) 
where Q is measured in square millimeters per cubic meter 
and A is in decibels per kilometer. The logarithmic re­
gression of attenuation cross section on A for the various 
locations are presented in table 7. 
TABLE 7 
ATTENUATION CROSS SECTION-REFLECTIVITY RELATIONS 
FOR NON-STRATIFIED DATA 
Q = cZd Standard Correlation Error of 
Location c d 
0.91 
Coefficient 
0.98 
Estimate 
Florida 1.15·10-2 0.135 Marshall Islands 1.48·10-2 0.90 0.99 0.089 Oregon 2.59·10-2 0.80 0.92 0.188 
Indonesia 1.51·10-2 0.88 0.99 0.108 Alaska 3.12·10-2 0.763 0.96 0.109 
North Carolina 1.87·10-2 0.86 0.99 0.101 
Radar Attenuation-Rainfall Rate Relations 
In order to compare radar attenuation values with pre­
vious work, the attenuation was compared with the rainfall 
rate. The commonly accepted work on attenuation is that of 
Robertson and King.46 The data was separated into one milli­
meter per hour intervals of the rainfall rate and the average 
Q for each interval calculated. These points are plotted for 
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the Florida data in figure 28. Also plotted are the limits 
within which all of the Robertson and King values occur. The 
Robertson and King data were obtained by direct measurement 
of the attenuation over a path. The rainfall rate values 
were measured by raingages. The major discrepancies between 
this data and the Robertson and King data is at the rainfall 
rates below 8 mm/hr. At these rates the attenuation is not 
severe and practically of little value. A rainstorm with 
a depth of 20 miles and a rate of 3 mm/hr would produce an 
attenuation of 0.6 db. This is below the usual measurement 
accuracy of the radar. At higher rates the comparison of 
results is good. The extreme values of the drop size data 
produce scatter around the points of about the same order 
of magnitude as Robertson and King limits. A logarithmic 
regression yielded the equation 
A = 1.06·10-2R 1 . 2 2      (39) 
with a correlation coefficient of 0.97. This line is plotted 
on figure 28. The attenuation at 3.2 cm wavelength can be­
come appreciable. Rainstorms with a rate of 50 mm/hr and a 
depth of 10 miles produce an attenuation of 12.6 db. Use of 
this wavelength for measuring heavy precipitation rates is 
not advisable. However, consideration of radar size and 
performance often dictate these shorter wavelengths. If 
these short wavelengths are used, proper precautions and 
partial correction for rain attenuation appear advisable. 
FIG. 28 ATTENUATION VERSUS RAINFALL RATE FROM MIAMI DROP SIZE DATA. 
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CONCLUSIONS AND RECOMMENDATIONS 
A number of factors other than the drop size spectra 
have a decided effect on the accuracy with which a radar can 
measure rainfall rate. A partial list of these other factors 
is: 
(a) Calibration accuracy of transmitter power, 
receiver sensitivity, and antenna gain 
(b) Processing inaccuracies in obtaining the true 
average power return from a point in space 
(c) Uncertainty that the radar volume is filled 
with precipitation echo at the same rainfall 
rate 
(d) Precipitation attenuation if shorter wave­
lengths are used 
(e) Abnormal transmission paths between the radar 
and rainfall of interest. 
All statements in this paper with regards to accuracy of 
a radar's estimate of rainfall rate will not consider uncer­
tainties due to any of these problems. The remaining varia­
tion is one of varying drop size distributions for the same 
rainfall rate. If the radar volume was a volume of 1 m3, the 
standard error of estimate would provide a good measure of 
the possible accuracies of estimating the rainfall rate from 
the radar return. For non-stratified data the standard error 
of estimate of the logarithms was between 0.136 and 0.198. 
Thus, the logarithm of R could be estimated to within ±0.198 
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sixty-eight percent of the time. This result can be restated 
as; the rate obtained would be from 63 percent low to 57 per­
cent high, sixty-eight percent of the time. Fortunately, a 
radar set samples a much larger volume. If a large amount of 
the scatter around the regression lines is due to the rela­
tively small volume sampled by the raindrop camera, this 
larger volume will produce a much smaller error. Data have 
been obtained to test this hypothesis but the analysis has 
not been completed. Preliminary results indicate that the 
standard error of estimate will be reduced by at least a 
factor of two if a sampling volume of 8 m3 is obtained from 
the same storm in one minute's time. Since the radar samples 
a volume of the order of 105 m3, the standard error should 
be reduced by at least 10 times if the variance is all due 
to sample size. If this is so, the accuracies should be 
within ±5 percent. More likely there is variance in the 
non-stratified data due to effects other than sample size. 
These variances can be removed only by stratifying the data. 
Choosing the appropriate criteria for stratifying is compli­
cated by the large scatter due to sample size. The only 
practical method appears to be trial and error. 
The results from different climatic areas indicate that 
a different relationship must be used for different localities 
if large errors are to be avoided. The differences between 
Alaska and the Marshall Islands illustrate this vividly. 
Differences between these localities was anticipated, but 
not of this large a magnitude. Radar operators of the U. S. 
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Army had indicated that large amounts of return signal were 
experienced in Alaska even though only low to moderate rain­
fall rates were occurring. 
A slight improvement in accuracy can be obtained by 
using different relationships chosen with regards to mete­
orological parameters. At some locations, Alaska and Oregon 
for instance, the improvement is not great. In comparison 
the standard error of estimate at Florida can be reduced 
from O.198 to about 0.16 by stratifying by synoptic types. 
This reduction may be even more important than is suggested 
by this reduction since the variance removed is variance 
from a source other than from small sample size. Thus, after 
stratification the large sample of a radar volume may actually 
have considerably smaller residuals than if stratification had 
not been performed. The stratification by thermodynamic in­
stability did not improve the estimates as much as synoptic 
sorting. Often the rain type sorting is the most easily ap­
plied for frequently a trained radar observer can made this 
decision between rain types with no auxiliary information. 
A result of this work, not anticipated, is that the drop 
size spectra can be represented by a log-normal distribution. 
This distribution contains three parameters rather than the 
two of prior distributions. 
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Recommendations for Future Study 
Studies of these data are being continued in the follow­
ing areas: 
(a) The sample size necessary to adequately represent 
the parent drop size spectra 
(b) The stratification of the remaining data by 
synoptic type 
(c) Search for better criteria to perform the 
stratification 
(d) Examine the relationships between the parameters 
of the log-normal fitting curve and rainfall rate. 
With respect to (a), data were obtained in Illinois with 
two cameras located 37 meters apart and operating at 28 frames 
per minute. These data have been measured and the variances 
of the 1 m3 samples are being calculated. The results should 
indicate the amount of reduction in size of the standard 
error of estimates which can be expected when volumes as 
large as a radar volume are considered. 
With respect to (c), a number of criteria that might be 
considered are; 
a) The amount of vertical wind shear 
b) The level of the cloud base 
c) Location of the point of interest with 
respect to storm center 
d) Total depth of the cloud 
e) The amount of moisture available to the storm 
f) A combination of two or more criteria. 
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Plausible arguments can be given indicating that any of these 
might have an effect on the drop size spectra at the ground. 
In most cases, however, the necessary data to perform these 
stratifications are not available. 
With respect to (d), the value of this study lies out­
side the radar application. This study may be important in 
the understanding of the precipitation process. Raindrop 
spectra may be an aid in evaluating cloud seeding experiments 
if sufficient knowledge of the natural spectra is available. 
The probable difference between the Alaska rains and the 
Marshall Island rains is that Alaskan hydrometeor growth is 
mostly as a snowflake while the Marshall Island growth is an 
all-liquid growth. Since silver iodide seeding is only 
effective in producing snowflakes, there is a chance that 
this would be reflected in the drop size spectra. 
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